Background: Adherence to combination antiretroviral therapy (cART) is a dynamic process, however, changes in adherence behavior over time are insufficiently understood.
INTRODUCTION
Combination antiretroviral therapy (cART) has lead to dramatic reduction in hospitalization rates, opportunistic infections, and deaths associated with HIV infection. [1] [2] [3] [4] Continuous and lasting suppression of viral replication is essential to allow for maximal CD4 cell recovery, the most important factors influencing long-term prognosis of HIVinfected individuals. 5, 6 Adherence to cART is paramount to achieving these goals and nonadherence to therapy has been shown to be one of the strongest predictors of virological failure. 7, 8 In addition, nonadherence has been linked to the emergence of drug resistance, often associated with cross resistance to other members of the same class, limiting future treatment options and possible transmission of multidrugresistant virus. [9] [10] [11] Factors associated with adherence have been welldocumented. [12] [13] [14] [15] Findings from our previous research have shown that younger age, lack of social support, increasing number of previous regimens, taking a protease inhibitor (PI), regimen complexity, and taking medication for opportunistic infections were significantly associated with nonadherence.
However, adherence is a dynamic process and only a few studies have addressed patterns and changes in adherence over time. [16] [17] [18] [19] [20] Most of these studies only considered special populations, such as men having sex with men (MSM) 16, 18 or women. 16 In addition, all studies had methodological limitations, such as dichotomizing or summarizing adherence data leading to inefficient use of data 16, 18, 19 and short follow-up. [17] [18] [19] [20] To optimally design adherence intervention studies, there is a need for a detailed and sophisticated analysis of adherence patterns. The Swiss HIV Cohort Study (SHCS) provides a unique opportunity to achieve this with 6 years of follow-up in a large prospective cohort where women, heterosexuals, and intravenous drug users are well represented. The goals of this study were to identify clusters of individuals with unique patterns of adherence behavior and to assess factors, especially changes in factors, associated with changes in adherence over time.
METHODS

Design
This longitudinal study was based on prospectively collected data from individuals enrolled in the SHCS and followed at 1 of the 7 outpatient clinics (Basel, Berne, Geneva, Lausanne, Lugano, St Gallen, Zurich) or associated clinics and private urban practices (www.shcs.ch). At these routinely scheduled visits, patients' self-reported drug adherence and additional psychosocial clinical and laboratory data are collected. Eligible individuals were either treatment experienced or starting cART and responded to at least 2 adherence questionnaires between its introduction on January 1, 2003, and the end of study on January 1, 2009. Baseline was the date of the first completed adherence questionnaire.
Measure of Adherence
The simplified SHCS adherence questionnaire contains 2 questions addressing ''taking adherence'' and ''drug holidays,'' 2 of the 4 dimensions of adherence to cART. 21 Taking adherence is defined as the number of missed doses in the last 4 weeks (daily, more than once a week, once a week, once every second week, once a month, never). Drug holidays are defined as missing 2 or more consecutive doses in the last 4 weeks (dummy variable).
Definition of Changes in Adherence Behavior
For the definition of change in adherence behavior, we formed consecutive visit pairs, which constitute the unit of analysis. For each consecutive visit pair, changes in adherence from one visit (V i ) to the next (V i + 1 ) is the outcome. We defined 3 possible groups: (1) individuals with no reported change in missed doses between 2 visits, (2) individuals who reported a change for the worse with more missed doses since the last visit, and (3) individuals who reported improvements in adherence with less missed doses than the previous visit. 22 : light (,20 g for women and ,40 g for men), moderate (20-40 g for women and 40-60 g for men), and severe health risk (.40 g for women and .60 g for men) as done in a recent study. 23 Changes in categorization of alcohol risk were categorized as increased risk, decreased risk, or no change. Psychiatric treatment was defined as seeing a psychiatrist, diagnosis of depression, or taking antidepressants. Although most patients seeking psychiatric treatment were likely suffering from depression, specific information on depression was only collected as of July 2008. Changes in psychiatric treatment were classified as started treatment, stopped treatment, or no change. Health condition-related factors, collected via patient interview and hospital records, were hospitalization since the previous visit, comedication for opportunistic infections, cardiovascular disease prevention/treatment, hepatitis C or cancer (started co-medication, stopped co-medication, no change), and time since first HIV-1-positive test at baseline (in years). Treatment-related factors were number of previous cART regimens at baseline, time on cART at baseline, changes in regimen frequency (increase in frequency, decrease in frequency, no change), and changes in class of cART since the previous visit (yes, no). Class of cART is defined as nonnucleoside reverse transcriptase inhibitor (NNRTI), boosted PI, nonboosted PI, or triple nucleoside/other. Boosted PI regimens were defined as ritonavir with at least one other PI. Body fat changes, defined as peripheral lipoatrophy or central or nuchal body fat gain as diagnosed by the clinician and confirmed by the patient, were included (new report of body fat changes, resolution of body fat changes, no change). Health systemrelated factors were changes in the physician or center where the individual was being followed since the previous visit.
Predictors of Changes in Adherence Behavior
Statistical Analysis Identification of Patterns in Adherence Behavior
Due to the infinite number of possible individualspecific adherence patterns, we used group-based trajectory modeling for the identification of clusters of individuals with similar observed temporal patterns of adherence to cART. 24 Similar to latent class analysis, 25 this method assumes that the population is composed of a mixture of distinct groups defined by their behavioral trajectories. This procedure allows joint modeling of the probability of group membership and groupspecific trajectories. The latter are modeled semiparametrically via flexible polynomial functions fitted to individual adherence responses over time. Given a specified number of groups, the model estimates membership probabilities in each group for every participant, based on the participant's observed patterns of adherence over time. Estimated variability in parameter estimates accounts for uncertainty in group membership and between-individual and within-individual variation in observed longitudinal responses. The modeling was performed for 2-6 groups with final selection of the optimal number of groups based on comparison of model fits using the Bayesian information criterion. Group assignments were based on posterior model-based probability calculations, with actual assignment based on the maximal group membership probability for each participant. Model results were summarized graphically with each groups predicted trajectories and their 95% confidence intervals (CIs). Baseline characteristics by group membership were summarized.
Changes in Adherence Behavior
To model changes in adherence behavior, we constructed 2 datasets, 1 for improvements in and 1 for worsening of adherence. All visit pairs with no reported changes in adherence (where the adherence on the initial visit pair was not perfect) and those with reported improvements in adherence at visit V i+1 were included in the model exploring the likelihood of an improvement in adherence since the previous visit. All visit pairs with no reported changes in adherence (where the adherence on the initial visit pair was not in the lowest possible category) and those with reported decreases in adherence at visit V i+1 were included in the model exploring the likelihood of a decrease in adherence since the previous visit. Both models included all preselected predictors from the 5 WHO dimensions. For time-independent factors (age, gender, ethnicity, education, time since HIV-1-positive test, number of previous cART regimens), the value of the predictor at visit V i was included in the model. For time-dependent factors, their change from one visit (V i ) to the next (V i + 1 ) was modeled. We used generalized estimating equations to evaluate the repeated measures logistic regression models. This model adjusted for the correlation between visit pairs in the same individual. Results are presented with odds ratios and 95% CIs.
Sensitivity Analyses
To check the consistency of our results, we performed several sensitivity analyses. For the description of adherence behavior clusters, we repeated the trajectory analysis, stratifying the population by cART treatment naive or pretreated. For the identification of adherence patterns, we performed 3 sensitivity analyses. First, we stratified the analysis by gender to check if different factors affect changes in adherence for men and women. Second, we repeated the primary analysis stratifying by number of missed doses on the initial visit pair (V i ) to see if different factors influenced the likelihood of adherence changes depending on the initial adherence. Third, we removed changes in alcohol risk category from the multivariate model as this variable was only collected in the SHCS as of August 2005. Therefore, multivariate models including alcohol lose a lot of information, which might impact the results even though these values were missing by design (completely at random).
All analyses were done with SAS version 9.1 (SAS Institute Inc, Cary, NC) and Stata version 9 (StataCorp. College Station, TX). The population consisted largely of males (69.6%), whites (82.1%), those with suppressed HIV-1 RNA at baseline (64.8% with ,50 copies/mL), 38.4% were heterosexuals, median age was 41 years, and individuals were diagnosed with HIV a median of 7.9 years ago (IQR: 3.0-13.5) ( Table 1) .
RESULTS
Missing 0 doses of cART was reported by patients on 78.1% of visits, missing 1 dose 13.1%, missing 2 doses 4.7%, and missing .2 doses 4.2% of visits. Missing more than 1 dose in a row was reported on 3.5% of visits. Overall, self-reported adherence was found to be improving over time, with 70% reporting missing 0 doses of cART at the beginning of the 6-year study period compared with 83% at the end (Fig. 1) . In the subset of naive patients, this trend remained, but reports of missing 0 doses increased from 81% to 87% over time (data not shown).
Trajectory analysis was used to identify group patterns of adherence to cART. We considered groups of size 2-6 and selected a model of 4 groups as optimal based on fit (comparing the Bayesian Information Criterion between models), parsimony (comparing clusters in both naive and pretreated individuals), and interpretability. Group 1 (labelled ''good adherence'') was estimated at 51.8% and characterized by consistently high adherence (Fig. 2) . Group 2 (labelled ''worsening adherence'') was estimated at 17.4% and included individuals with good adherence at baseline followed by steadily worsening adherence. Group 3 (labelled ''improving adherence'') was the opposite of group 2 characterized by reports of poor adherence at baseline followed by steadily improving adherence and had an estimated group membership of 17.6%. Group 4 (labelled ''poor adherence'') was estimated at 13.2% and characterized by consistent reports of poor adherence over time. There was very little overlap in the CIs of the groups indicating the trajectories are relatively distinct. The same 4 adherence patterns were identified in separate analyses of naive and pretreated patients, only the CIs widened and the predicted group membership changed. Compared with the model with all patients, naive patients were more likely to belong to the group with worsening adherence (27.0%) and less likely to belong to the poor adherence group (6.9%). Table  1 provides baseline characteristics by group membership from the analysis including all individuals. Individuals with consistently poor adherence, more often had only a basic education, were intravenous drug users (less often MSM), were under psychiatric treatment, had legal problems, on a NNRTI, on cART for longer, and living with HIV for a longer time.
Of the 42,362 visit pairs, no change in adherence was reported 76.2% of the time with 12.4% reported improvements and 11.4% reporting decrements in adherence. Different factors were found to be associated with worsening and improving adherence ( Table 2) . In multivariate models adjusted for adherence on the first visit of the pair, factors significantly associated with worsening adherence were younger age, basic education, loss of a roommate, starting IDU, increasing daily alcohol intake (resulting in categorization in a higher alcohol risk category), starting psychiatric treatment, longer time living with HIV, onset of lipodystrophy, and changes of the physician or center where the individual was followed. In multivariate models, factors significantly associated with improvements in adherence were starting comedications, changes in the class of cART, and regimen simplification (decreases in regimen frequency). Individuals with basic education and those on cART for a longer time at baseline were significantly less likely to improve their adherence.
Several sensitivity analyses were performed: (1) stratification by gender, (2) stratification by reported missed doses at the initial visit of the pair, and (3) removing alcohol from the 
DISCUSSION
We did an in-depth and novel exploration of selfreported adherence to cART over time in individuals participating in the SHCS. Self-reported adherence was quite high with individuals reporting missing 0 doses of cART on almost 80% of visits. We identified 4 distinct adherence patterns based on almost 50,000 adherence questionnaires. We did a comprehensive and unique assessment of the effect of both time-independent and time-varying predictors on changes in adherence over the 6-year study period.
These same 4 adherence patterns (good, improving, worsening, and poor) observed in all patients were also detected in a population of only naive patients and pretreated patients. The pattern of consistently good adherence had the highest estimated group membership for all subpopulations, whereas naive patients were more likely to fall into the worsening adherence pattern than pretreated individuals. There were observed differences in group membership by several baseline factors, most notably that individuals with a history of psychiatric treatment or legal problems, were more often in the poor adherence group. In future work, we plan a validation of these adherence groups on clinical outcomes.
Our analysis of changes in adherence included factors from all 5 dimensions identified by the WHO as determinants of adherence. 21 Some of these variables, in particular the social support variables, comedication, and health system factors, have not been studied previously. In addition, no other study to our knowledge has included changes in factors as predictors of changes in adherence to explore potential triggers for periods of worsening adherence. We could confirm several factors found in other studies to be associated with worsening or improving adherence such as age, 18, 20 education, 18 IDU, 16, 18 alcohol intake, 16, 18 depression, 18 taking a PI-based regimens, 16 and symptoms. 16, 20 In addition to these variables, we found loss of a roommate, longer time since HIV diagnosis, and health system changes such as disruption of the continuity of care by the same physician or hospital were significantly more likely to be associated with reported worsening adherence. Newly identified factors significantly associated with improvements in adherence were changes in cART class, regimen simplification, and starting to take medication for opportunistic infections, cardiovascular disease, hepatitis C, or cancer.
Our results demonstrate that not only demographic factors such as age, gender, and education influence adherence, but also short-term changes in factors can impact changes in adherence as well. These changes can serve as signals to the clinicians to provide additional adherence support. Changes in a patient's living situation (such as loss of a roommate) or changes to their physician or center of care can signal a loss of social support and lead to lapses in medication taking. It may be the challenge of moving house or the difficulty in building a trusting relationship with a new physician that impacts adherence behavior. Changes to regimens with higher daily administration frequency or one with known side effects such as lipodystrophy-can all result in worsening adherence. These results suggest that clinicians need to anticipate the possibility of added stress during periods of change for patients and provide additional support during these times.
The SHCS is a long-standing and well-described prospective cohort that collects a variety of information longitudinally in a diverse population of heterosexuals and women, making the results generalizable. This study includes a large sample of HIV-infected individuals followed for up to 6 years. We have identified a number of new factors that affect adherence and thus impact drug failure. We conducted extensive sensitivity analyses to ensure the robustness of the results.
A limitation of this study is that our results are based on self-reported adherence provided in an interview with a clinician. These reports can be subject to recall bias or social desirability bias, leading to underreporting of nonadherence behavior. 26, 27 However, 2 systematic reviews including a large number of observational studies found a robust association between self-reported adherence and viral load over varying measures and recall periods 28 and indicated that self-reported adherence measures can distinguish between clinically meaningful patterns of medication-taking behavior. 29 Other information in the SHCS is also collected via self-report, such as sexual risk behavior, drug use, psychological, and legal problems, which could also result in reporting bias due to the sensitivity of these topics. Another limitation is the observational nature of the study, which can lead to biased results due to unmeasured confounding. In addition, there is likely confounding by indication with respect to the choice of cART, especially in groups at risk for adherence problems.
Adherence was found to be improving over time (Fig. 1 ), contrary to results from other studies 19, 20 performed before 2001. A more recent study also detected a decreasing trend in adherence until 2003 and then adherence started to improve. 16 We can hypothesize that regimen simplification in recent years has facilitated improved adherence. It is also likely that introducing systematic adherence assessments resulted in increased attention in both patients and clinicians to the issue of adherence and therefore, led to improvements in adherence. Also, the SHCS is an open cohort and the population is changing over time-for example, the number of individuals from IDU risk group has decreased dramatically over time with a corresponding increase in MSM and heterosexuals, groups known to have better adherence. Therefore, our results provide unbiased measures of associations (but not causation) between covariates and outcome.
In conclusion, our results indicate that clinicians should routinely enquire about factors that may disrupt regular drug intake such as changes in substance and alcohol use, psychiatric treatment, and important lifestyle changes including loss of social support. In particular, clinicians should be sensitive to the risk of worsening drug adherence when changes in the patient care provider relationship are planned. Additional adherence counseling should be provided to patients experiencing potentially stressful situations so that they can learn the skills to cope with these changes without disruption in their drug intake. Future studies should *Results are from 2 models, 1 for worsening of and 1 for improvements in adherence. Both models are adjusted for correlation between visit pairs from the same individuals. Adjusted for reported adherence on first visit (Vi) of the consecutive pair.
†At baseline. ‡Increase in daily alcohol consumption so that patient falls into a higher alcohol risk category (as defined by WHO 21 ). §Changes in the covariate between consecutive visit pairs or since the previous visit. OR, odds ratio.
investigate whether simple patient focused interventions suitable to busy clinical practice, such as routine checking of risk factors for changes in regular drug intake identified by this study, may enhance drug adherence and reduce risk of treatment failure and drug resistance.
